3 -induced conformational change to the open state. We also found that GFP-IP 3 R1 clusters colocalized with ERp44, a luminal protein of endoplasmic reticulum that inhibits its channel activity. This is the first example of ligandinduced clustering of a ligand-gated channel protein.
Many extracellular stimuli are received by trimeric G protein-or tyrosine kinase-coupled receptors and relayed to signaling molecules including phospholipase C (PLC), 1 which leads to production of a second messenger, inositol 1,4,5-trisphosphate (IP 3 ) (1) . IP 3 in turn activates an internal membrane receptor/Ca 2ϩ channel, the IP 3 receptor (IP 3 R), and induces Ca 2ϩ release from internal Ca 2ϩ stores (mostly endoplasmic reticulum (ER)). This IP 3 -Ca 2ϩ pathway is particularly important because it is located at the intersection of many signaling pathways and is therefore thought to play a central role in cellular signaling.
Rather recently, evidence has been accumulating that the subcellular localization of IP 3 R is tightly controlled and changes according to circumstances (2) (3) (4) . In addition, IP 3 R is known to form large clusters on the ER (5). Very importantly, theoretical modeling (6 -8) predicted that IP 3 R clustering affects both elementary events (e.g. Ca 2ϩ blips and puffs) and the formation of complex cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] C ) patterns (e.g. Ca 2ϩ oscillations and waves). Particularly Shuai and Jung (6) predicted that if IP 3 concentration is relatively low (i.e. physiological situation), there is an optimal extent of clustering of IP 3 receptor for effective elevation of cytosolic calcium concentration. When the clusters of IP 3 receptor would become very large, the whole calcium signals elicited by low IP 3 concentrations would be significantly reduced. Experimental verification of this hypothesis has not been performed mainly because the molecular mechanism of IP 3 R clustering remains totally unknown, and thus it is impossible to inhibit or artificially modulate it.
Wilson et al. (5) suggested that IP 3 R clustering was triggered by increased [Ca 2ϩ ] C since not only Ca 2ϩ -mobilizing agonists but a Ca 2ϩ ionophore (ionomycin) and an inhibitor of sarco/ endoplasmic Ca 2ϩ -ATPase (thapsigargin) induced it. They also showed that it is independent of ER vesiculation (9) . Later it was shown that two small GTP-binding proteins, Cdc42 and Rac, are involved in agonist-induced IP 3 R clustering but that was because they augmented Ca 2ϩ signals as a whole and not because they influenced intracellular trafficking (10) . In short, the detailed molecular mechanism of IP 3 R clustering remains largely unknown, and it is important to know it to understand precise roles of IP 3 R clustering. In this study we simultaneously imaged the dynamics of enhanced green fluorescent protein (GFP)-tagged IP 3 R type 1 (GFP-IP 3 R1) and [Ca 2ϩ ] C by using fluorescent Ca 2ϩ indicators. Based on the results of the mutational and pharmacological analyses, we concluded that IP 3 R clustering is initiated by a conformational change in IP 3 R protein to its open state.
EXPERIMENTAL PROCEDURES
Reagents-ATP was from Amersham Biosciences. 4-Bromo-A23187, U-73122, U-73343, and saponin were obtained from Sigma. Fura-2/ acetoxymethyl ester (AM) was from Dojindo (Kumamoto, Japan), and * This study was supported by grants from the Ministry of Education and Science of Japan and from JST. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
□ S The on-line version of this article (available at http://www.jbc.org) fura-red/AM was from Molecular Probes (Eugene, OR). Other reagents were from Wako Pure Chemicals (Osaka, Japan).
Plasmids -GFP-IP 3 R1, GFP-IP 3 R1-D610 (11), IP 3 R1-C2613S (12),  GFP-IP 3 R1-D2736 -2749, DsRed2-KDEL (3) , GFP-tagged pleckstrin homology domain of PLC␦ (GFP-PHD) (13) , and DsRed-ERp44 (14) were described previously. To construct GFP-IP 3 R1-K508A, a KpnIBglII fragment of G224 (IP 3 sponge), which contains the appropriate substitution (15) , was subcloned into pcDNA3.1Zeo(ϩ) vector (Invitrogen) with other parts of GFP-IP 3 R1. To construct GFP-IP 3 R1-D223, an AflII site was introduced at nucleotides 664 -669 of mouse IP 3 R1 by PCR using primers (5Ј-GTGCTTAAGATGAAATGGAGTGATAACAA-AG-3Ј and 5Ј-GCTTCCTTGTCCTCCTTCAG-3Ј for residues 989 -1614 (the AflII site is underlined)) and GFP-IP 3 R1 as a template DNA. This PCR product was digested with AflII and KpnI and then subcloned into pcDNA3.1Zeo(ϩ) vector with other parts of GFP-IP 3 R1. To construct IP 3 R1-D2550A, site-directed mutagenesis was performed with QuikChange (Stratagene) using primers (5Ј-GGAGGGGTAGGAGC-CGTGCTCAGGAAG-3Ј and 5Ј-CTTCCTGAGCACGGCTCCTACCCC-TCC-3Ј (codon change is shown in boldface type)) and GFP-IP 3 R1-ES (11) as a template. The PCR product and other parts of IP 3 R1 were subcloned into p〉act-ST-neoB (16) . All mutants were confirmed by DNA sequencing.
Cell Culture and DNA Transfection-COS-7 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 g/ml streptomycin, 1.0 g/liter glucose, and 4 mM L-glutamine. For the transfection experiments, cells were grown on 18-mm glass coverslips (coated with 50 g/ml poly-L-lysine) or glass-bottomed microwell dishes (35 mm, uncoated) and transfected using TransIT-LT1 (Mirus) according to the manufacturer's instructions.
Single Cell Imaging with a Fluorescence Microscope-Cells were incubated for 45 min at room temperature (RT) with 5 M fura-2/AM and washed with balanced salt solution (115 mM NaCl, 5.4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 20 mM HEPES, pH 7.4). Cells were then placed on the stage of an inverted fluorescence microscope (IX81, Olympus) and perfused at 37°C with balanced salt solution supplemented with 10 M ␣-tocopherol and 1 mM ascorbic acid at 1.2 ml/min. The cells were then excited at 340 and 380 nm for fura-2, 470 -490 nm for GFP, and 510 -550 nm for red fluorescent protein (RFP, DsRed2), and the fluorescence images were obtained through an objective lens (UplanApo 40ϫ oil, numerical aperture ϭ 1.35; Olympus) using 510 -550 nm (for fura-2 and GFP) and long pass 590 nm (for RFP) emission filters with a charge-coupled device camera (ORCA-ER, Hamamatsu Photonics). Optimal beam splitters for each wavelength were inserted with a motorized beamsplitter exchanger. Fura-2 images were acquired with a binning factor (4 ϫ 4) for 80 -100 ms. GFP and RFP images were acquired with a binning factor (1 ϫ 1) for 200 -400 ms every 20 s. Fura-2 images were processed and presented after digitally smoothing to reduce the noise level. The smoothing filter was implemented by using 3 ϫ 3 spatial convolutions where the value of each pixel in the selection is replaced with the weighted average of its 3 ϫ 3 neighborhood. Center pixels were 4-fold weighted compared with the surrounding pixels. Image capturing and processing were performed with custom made software, TI Workbench (11, 17) .
Immunocytochemistry-Cells were fixed with 4% formaldehyde for 10 min at RT. After washing twice with phosphate-buffered saline (PBS), cells were permeabilized with 0.2% Triton X-100 in PBS (PBST) at RT for 10 min and treated with PBST containing 5% skim milk (PBSTM) at RT for 1 h. Cells were incubated with a monoclonal antibody to IP 3 R1 (18A10 (18), 1 g/ml) in PBSTM overnight at 4°C, washed three times with PBS, and then incubated with Alexa-488-conjugated anti-rat IgG (Molecular Probes) at RT for 1 h. After washing five times with PBS, slides were mounted in Vectashield (Vector Laboratories). Fluorescent images were taken through a confocal microscope (FV-300, Olympus) on an inverted microscope (IX-70, Olympus) with an objective (UPlanApo 60ϫ oil, numerical aperture ϭ 1.40; Olympus).
Time Lapse Imaging of GFP-PHD and the [Ca 2ϩ ] C -COS-7 cells expressing GFP-PHD were incubated for 1 h at RT with 10 M fura-red/AM (Molecular Probes) and washed. Cells were then mounted on the stage of the inverted laser scanning confocal microscope (FV-300, Olympus) and perfused at 37°C with balanced salt solution supplemented with 10 M ␣-tocopherol and 1 mM ascorbic acid at 1.2 ml/min. GFP and fura-red were excited with an argon laser (488 nm), and fluorescence images were simultaneously taken every 5 s with an objective (UPlanApo 60ϫ oil, numerical aperture ϭ 1.40; Olympus) using the green channel (510 -550 nm) for GFP and the red channel (585-610 nm) for fura-red. Photobleach of fura-red was corrected by fitting the base-line time course of the fluorescence by a single exponential function. ] C of cells, respectively. COS-7 cells grown in glass-bottomed microwell dishes were washed with ice-cold buffer L twice, permeabilized with ice-cold buffer L containing 0.1% saponin for 2.5 min on ice, and washed with ice-cold buffer L five times. Cells were then incubated for 3 min at RT in either buffer L or buffer H supplemented either with 3.3 mM ATP or with ATP plus 5 M IP 3 and fixed with 4% formaldehyde for 10 min at RT.
Permeabilization of COS-7 Cells-To
Fluorescence Recovery after Photobleaching Experiments-COS-7 cells expressing GFP-IP 3 R1 were mounted on the stage of a confocal microscope as described above, and the region of interest (100 ϫ 100 pixels at zoom 2.5) was photobleached at full laser power. Fluorescence recovery was monitored by scanning the whole cell at low (0.1%) laser power. Images were captured every 5 s through a 60ϫ oil objective. The temperature in the culture dish was maintained at 37°C.
RESULTS AND DISCUSSION

GFP-tagged IP 3 R1 Forms Clusters following Agonist Stimulation-
We utilized GFP-IP 3 R1 to perform real time imaging of IP 3 R clustering since we found that GFP-IP 3 R1 as well as wild-type IP 3 R1 (see Fig. 4A , left panel) formed clusters when stimulated with IP 3 -generating agents. Although GFP-IP 3 R1 formed clusters in various cell types such as HeLa and NIH-3T3 cells (data not shown), subsequent experiments were performed on COS-7 cells because their flat shape is suitable for examining the ER meshwork.
The expression vector for DsRed2-KDEL, a red fluorescent ER-resident protein (3), was co-transfected to enable monitoring of the structure of the ER ( Fig. 1 ; see also Supplemental Video 1). A fine meshwork of IP 3 R1 and ER was observed before stimulation (Fig. 1A, a) , but ϳ1 min after the start of ATP (a G q -coupled purinergic receptor agonist) stimulation, GFP-IP 3 R1 began to form clusters (Fig. 1A, b) . Over the next several minutes, most of the clusters grew in size (Fig. 1A, c-f , upper panels) by sometimes fusing with adjacent clusters (Fig.  1A, d and e, arrows) . After washing out the ATP, the clusters gradually decreased in size and number (Fig. 1A, g ) and eventually disappeared (Fig. 1A, h) . By contrast, the ER neither formed clusters nor vesiculated at any time during the process (Fig. 1A, lower panels) . Thus, the agonist-induced clustering of GFP-IP 3 R1 is reversible and independent of reconstruction of the ER, a conclusion that is consistent with a previous report on clustering of endogenous IP 3 R2 and IP 3 R3 (5). The new findings in our real time analysis are that (i) the clusters themselves move considerably on the ER (best observed in Supplemental Video 1), (ii) the clusters sometimes fuse with each other, and most importantly (iii) cluster formation is a relatively slow process and takes tens of seconds to reach its maximal level after the start of stimulation.
GFP-IP 3 R1 Clustering Does Not Correlate with [Ca 2ϩ ] CThe above findings prompted us to perform simultaneous imaging of GFP-IP 3 R1 movement and [Ca 2ϩ ] C changes. COS-7 cells expressing GFP-IP 3 R1 were loaded with the Ca 2ϩ indicator dye fura-2/AM and stimulated with 10 M ATP for 120 s. The typical results in Fig. 2, A and B, showed that [Ca 2ϩ ] C peaked within 15 s and then gradually returned to the basal level (Fig. 2, A, g-l, and B, lower plot) . When [Ca 2ϩ ] C was around its peak level ( Fig. 2A, h and i) , however, no clear GFP-IP 3 R1 clusters were observed ( Fig. 2A, b and c) . They became prominent ϳ50 s after ATP addition (Fig. 2A, d and j) when the [Ca 2ϩ ] C was approximately at its half-maximal level (Fig. 2B, lower plot) . After ATP washout, the GFP-IP 3 R1 clus-ters persisted for ϳ60 s and then disappeared. Comparison between numbers of clusters in this region and [Ca 2ϩ ] C (Fig.  2B , upper and lower plots, respectively) clearly indicated that both the formation and the disappearance of the clusters occurred significantly more slowly than the changes in the [Ca 2ϩ ] C . As the summary of the simultaneous imaging (Fig. 2C ) shows, in more than 60% of the cells, [Ca 2ϩ ] C peaked within 15 s of ATP addition (Fig. 2C, top) , but no clusters were ever observed in this period (Fig. 2C, middle) . The first clear cluster was observed at between 20 and 120 s (Fig. 2C, middle) , and in most cells (72%) the number of clusters increased as long as the agonist was present (Fig. 2C, bottom) although [Ca 2ϩ ] C gradually decreased in this period. These results imply that high [Ca 2ϩ ] C is not the direct cause of IP 3 R clustering. Next we applied two successive ATP stimuli ϳ90 s apart since we had found that in this protocol the second stimulus evoked little Ca 2ϩ elevation because of the ER depletion (Fig.  2F) . Fig. 2 , D and E, shows the typical example of repeated stimulation. In this case, the second stimulus evoked little Ca 2ϩ elevation (Fig. 2E, lower plot) . However, GFP-IP 3 R1 clustering was clearly reinduced by the second stimulus (Fig. 2D, d (19) , we investigated the effect of the potent PLC inhibitor U-73122 on Ca 2ϩ ionophore-induced clustering of GFP-IP 3 R1. Addition of the Ca 2ϩ ionophore 4-bromo-A23187 in the presence of the non-effective analogue U-73343 induced GFP-IP 3 R1 clustering (Fig. 3A, d) , whereas U-73122 significantly suppressed clustering (Fig. 3A, b) . We therefore concluded that increased [Ca 2ϩ ] C alone cannot induce IP 3 R clustering and that IP 3 production is absolutely necessary.
We also simultaneously imaged [Ca 2ϩ ] C and the GFP-PHD, which translocates from the plasma membrane into the cytoplasm as phosphatidylinositol 4,5-bisphosphate is hydrolyzed to IP 3 and diacylglycerol (13) . COS-7 cells expressing GFP-PHD were loaded with fura-red/AM, and fluorescence images were acquired every 5 s with a confocal laser scanning microscope. Both the increase in intensity of GFP-PHD in the cytoplasm and decrease in the plasma membrane were considered an indication of cytosolic IP 3 concentration ([IP 3 ]) (13) . As shown in Fig. 3 , B and C, the Ca 2ϩ transient evoked by ATP stimulation peaked in 20 s (Fig. 3C, lower plot) , while [IP 3 ] peaked much later (Ͼ55 s) (Fig. 3C, upper plot) . This phenomenon has been reported in other cell lines (20, 21) . Importantly the time course of the changes in [IP 3 ] (Fig. 3C, upper plot) was quite similar to that of the cluster number (Fig. 2B, upper plot) , suggesting that IP 3 binding is the direct cause of IP 3 R clustering.
We also investigated whether other pharmacological inhibitors (i.e. LiCl, wortmannin, PD98059, and H-7), whose target molecules are known to be activated by increased [Ca 2ϩ ] C , inhibit GFP-IP 3 R1 clustering, but they had no effect on it (data not shown). In addition, we confirmed that ER depletion alone is insufficient for GFP-IP 3 R1 clustering by using the membrane-permeable low affinity divalent cation chelator N,N,NЈ,NЈ-tetrakis (2-pyridylmethyl)ethylenediamine (data not shown). 3 R protein for clustering, we investigated the effects of deletions or mutations of IP 3 R1 (Fig. 4) . We first deleted the whole IP 3 binding domain (IP 3 R1-D610) and found that the mutant does not form any clusters (Fig. 4B) . We then mutated the single amino acid residue that is critical for IP 3 binding (IP 3 R1-K508A), and again no clusters formed (Fig. 4B) . The same phenomenon was observed in the case of IP 3 R2 and IP 3 R3 (data not shown). Thus, IP 3 binding to IP 3 R is absolutely necessary for clustering.
IP 3 R1 Mutants That Do Not Undergo Activation Coupling Fail to Form Clusters-To identify the critical regions in IP
Next we used two mutants, IP 3 R1-C2613S and IP 3 R1-D223 to determine whether IP 3 binding is sufficient for IP 3 R clustering. Although both mutants retain IP 3 binding ability, they have no channel activity because they lack a residue or domain that is indispensable for activation coupling (12) . To our surprise, these mutants did not form any clusters (Fig. 4, A,  middle panel, and B) , suggesting that not only IP 3 binding but Substitution of aspartic acid 2550 by alanine (IP 3 R1-D2550A) in the ion permeation pore is known to abolish the Ca 2ϩ releasing ability of IP 3 R1 without affecting the IP 3 -induced conformation change (22) . 2 Since this mutant formed clusters to the same extent as the wild type (Fig. 4, A, right  panel, and B) , it was suggested that Ca 2ϩ release through the channel pore is not required for clustering.
Are Other Molecules Involved in IP 3 R Clustering?-Since IP 3 R is known to associate with more than 10 proteins (23), we attempted to determine whether any of them might be involved in and/or be necessary for IP 3 R1 clustering. Immunocytochemistry, however, revealed that neither calmodulin, Ca 2ϩ -binding protein 1 (24) , or IRBIT (25) , all of which bind to the N-terminal cytosolic region of IP 3 R1, had a distribution similar to that of the IP 3 R clusters when stimulated with ATP (data not shown).
Nor did overexpression of these proteins have any effect on IP 3 R clustering (data not shown). The C-terminal region of IP 3 R1 binds to Protein 4.1N (3) and protein phosphatase 1␣ (26), but these proteins do not appear to play a role in IP 3 R clustering because removal of this region from IP 3 R1 (IP 3 R1-D2736 -2749) had no effect on clustering (Fig. 4B) . Furthermore it was found that the extent of IP 3 R cluster formation is correlated with the receptor density (Fig. 5) . There seems to be no clear threshold of density for cluster formation. These findings support the idea that the cluster formation is dependent on the conformational change of the receptor protein itself.
If we were able to monitor IP 3 R clustering in permeabilized COS-7 cells, it would be possible to identify the factors that are required for IP 3 R clustering. However, we found that GFP-IP 3 R1 did not form clusters in permeabilized cells (Fig. 6 ) even when IP 3 , Ca 2ϩ , and ATP were supplied. In addition, fluorescence recovery after photobleaching experiments showed that permeabilization of the plasma membrane significantly slowed movement (diffusion) of GFP-IP 3 R1 (Fig. 7) , suggesting that a certain cytosolic factor(s) is required for lateral mobility of IP 3 R on the ER membrane. What Is the Physiological Significance of IP 3 R Clustering?-Theoretical modelings previously suggested that there is an optimal extent of clustering of IP 3 R for effective elevation of [Ca 2ϩ ] C (6, 7). It was predicted that when IP 3 R clusters become very large, the whole calcium signals elicited by low IP 3 concentrations (i.e. physiological situation) are significantly reduced (6, 7). In the present study we observed that the IP 3 R clusters were most prominent when [Ca 2ϩ ] C was decaying or near its basal level (Fig. 2B ), supporting the above idea. Very importantly, we found that ERp44, an ER luminal protein that inhibits channel activity of IP 3 R1 (14), colocalized with the GFP-IP 3 R1 after ATP stimulation (Fig. 8, a-c) . Other ER luminal proteins such as calreticulin do not colocalize the cluster. Therefore, it is suggested that channel activity of IP 3 R in the clusters is negatively regulated at least partly by ERp44. All of the above results implicated the clustering event in suppression of whole intracellular Ca 2ϩ signals. Finally we recently identified a splicing variant of IP 3 R type 2 that lacks a part of the ligand binding domain and thus can act as an anticlustering subunit in an IP 3 R tetramer. 3 Thus, IP 3 R clustering is most likely regulated at a number of steps.
Concluding Remarks-We showed for the first time that IP 3 R clustering is induced by its conformational change to the open state. To the best of our knowledge, this is the first example of conformation change-dependent redistribution of ligand-gated channels. Further analysis of the molecular mechanism and physiological meaning will provide new general insights into how a channel protein responds to various types of stimulations and circumstances. FIG. 5 . The extent of IP 3 R cluster formation is correlated with the receptor density. COS-7 cells expressing GFP-IP 3 R1 were stimulated with 100 M ATP for 3 min and fixed. The expression amount of GFP-IP 3 R1 was measured as total fluorescence intensity from which background light and offset values added at the analog-digital converter of the charge-coupled device camera were subtracted. The number of discrete clusters was counted and classified into "none" (no apparent clusters), "some" (less than 10 large clusters in a cell), and "many" (more than 10). 
